Total suspended sediment (TSS) data for 1960-1970 and from recent investigations (1990-2000) are used to evaluate the variability in sediment yield of the Sanaga catchment (Cameroon) and the equivalent rates of erosion. At the annual and seasonal time scales, total suspended sediment concentrations for the Mbam sub-catchment are three to four times higher than for the Sanaga basin, reflecting the higher sensitivity of the former to erosion. Classical clockwise hysteresis loops are observed in both sub-catchments, despite a significant increase in human-induced catchment changes. At the multi-year time frame (over a 40-year period), it appears that the second half of the 1990s is marked by a downward trend in TSS. This shift is due to the control infrastructures (river impoundments and ponds) installed in certain parts of the whole catchment, combined with a drop in annual rainfall and river discharge.
Introduction
Large river networks discharge dissolved or particulate substances (mineral and organic) of atmospheric and continental origins into the oceans. Atmospheric substances mainly come from rainfall, while continental substances result from weathering and erosion of rocks (Milliman and Meade 1983 , Berner and Berner 1987 , Pinet and Souriau 1988 , Meybeck 1993 . However, these two sets of processes, which act concurrently and complementarily, are controlled by the presence of water. Chemical weathering, whose role is to break down rocks, tends to deepen the soil, while erosion, which leads to the removal of these weathering products, contributes to its reduction in thickness (Tardy 1971 , Gac and Pinta 1973 , Boeglin and Probst 1998 . Consequently, the solid particles made loose are carried away by runoff towards rivers, large lakes, reservoirs, intracontinental depressions or right to the ocean.
This large-scale transfer of materials, which is complex since it is controlled by both physical and human factors, necessitates the assessment of the amounts of sediment exported from catchments. Quantifying transport rates at a given moment, as well as spatio-temporal variations, requires continuous measurements of streamflow and suspended sediment concentration at the outlets of the drainage basins under study, in order to estimate the annual sediment yields (SY) and thus to infer the specific sediment yields (SSY) and the equivalent physical denudation rates, when soil density is known (Milliman and Meade 1983 , Probst 1992 , Walling 1994 , Steegen et al. 2000 .
Various studies based on this approach have been undertaken in the humid tropical zone on both sides of the Atlantic, particularly on major drainage basins such as those of the Amazon (Gaillardet et al. 1997 , Guyot et al. 2005 , Filizola and Guyot 2009 ), the Congo (Moukolo et al. 1993 , Gaillardet et al. 1995 , Laraque et al. 1995 , Coynel et al. 2005 , the Senegal (Gac 1986 , Kattan et al. 1987 ) and the Niger (Boeglin et al. 1997 , Boeglin and Probst 1998 , Picouet et al. 2002 . This has enabled estimation of the total sediment inputs to the ocean. In Cameroon, studies of this type were initially undertaken on rivers to characterize the solid transport regime and to establish the mass balance of continental erosion at the country scale (Nouvelot 1969 , 1972a , Olivry et al. 1974 , Olivry 1976 , 1977 .
Later on, investigations were made on small to medium size drainage basins in this region with the following objectives: first, to understand the effects of the variations in spatial scale in relation to tectonic history, vegetation and lithology (Sigha-Nkamdjou 1994 , Bird et al. 1994 , Ndam Ngoupayou 1997 , Giresse and Maley 1998 , Olivie-Lauquet et al. 2000 , Braun et al. 2005 ; second, to evaluate the impact of environmental change of climatic and anthropogenic origin (Sighomnou 2004 , Sigha-Nkamdjou et al. 2005 , Liénou et al. 2005 , Sighomnou et al. 2007 . Regarding the latter, no widespread study has been done on the Sanaga catchment despite the fact that it provides about 90% of the hydroelectric energy of Cameroon. Therefore, monitoring total suspended sediment (TSS) in this river basin would allow for the evaluation of the effects of erosion and sediment delivery processes on the production capacity and life expectancy of reservoirs and cooling systems of power stations. Such data are also important for planning a water treatment facility along the middle course of the Sanaga River (at Batschenga) to supply potable water to Yaoundé City and its environs by 2020 (MINEE, GWP-Cmr 2009 ).
The present study therefore aims to quantify, based on representative water samples collected at different time scales (seasonal, annual and multi-annual) , the TSS of the Sanaga catchment in order to evaluate the spatio-temporal variability of the erosion rates, and to determine the factors responsible for this variability.
Materials and methods

Study catchment
With an area of about 133 000 km 2 , the Sanaga catchment figures amongst the most important river basins in Africa and is the largest in Cameroon, where it drains nearly a quarter (65 × 10 12 m 3 ) of annual runoff that is discharged to the Atlantic Ocean (Sighomnou et al. 2007) . It stretches between latitudes 3°38′N and 7°22′N and longitudes 9°38′E and 14°54′E, and covers different climatic zones extending from tropical climate with two seasons (annual rainfall from 1500 to 1900 mm year -1 ) in the north and northwest to equatorial with four seasons (annual rainfall from 1600 to 2500 mm year -1 ) in the south and southwest (Fig. 1) . In a large part of its catchment, the Sanaga River drains the South Cameroon Plateau (600-900 m a.s.l.), a vast undulating topographical surface staged by faults in successive steps and locally interrupted by inselbergs (Santoir and Bopda 1995) . The South Cameroon Plateau is bordered to the north and west by the Cameroon Ridge, comprising a succession of high plateaus and volcanic massifs, which can be subdivided into two very distinct regions: the Adamawa Plateau (1100 m a.s.l.) and the Western Highlands (1000-1600 m). These relief units are mainly formed of Precambrian bedrock (composed of 89% plutonic and metamorphic rocks) which, in places, is covered by recent volcanic deposits and sedimentary formations (Dumort 1968 , Regnoult 1986 . The soil that develops on these rocks is predominantly ferrallitic (Segalen 1967) and supports vegetation that varies from thorn shrub Soudano-Guinean savannah in the north and northwest (almost 2/3 of the drainage basin) to a semi-deciduous forest rich in Scaphium macropodum (Sterculiacae) in the south (Dubreuil et al. 1975 , Letouzey 1985 .
Economic activity consists mainly of agriculture (both subsistence and industrial), animal husbandry and forestry exploitation, and thus the basic economy in the basin is predominantly rural. The main urban centres, which are located just outside of the catchment, are Yaoundé (to the south), Bafoussam (to the west) and Ngaoundere (to the north). The population density is very variable spatially (MINEE/GWP-Cmr 2009, BUCREP 2010); it ranges over 100-200 persons km -2 in the Western Highlands and the lower catchment, 50-100 persons km -2 in agro-industrial Figure 1 . Map of the Sanaga drainage basin showing its main physiographic characteristics (topography, relief units, rainfall distribution) and the location of sampling sites and existing reservoirs.
zones such as Mbandjock, and drops to 10 persons km -2 in the east with almost empty regions (Garoua-Boulaï) and the centre of the drainage basin (Yoko region).
The hydrology of the catchment is presently influenced by three reservoirs: Mbakaou (2.6 × 10 9 m 3 ), Bamendjin (1.8 × 10 9 m 3 ) and Mape (3.3 × 10 9 m 3 ). These infrastructures were constructed between 1969 and 1987 to increase the flow rate of the main stem and to optimize hydroelectric production in the dry season. They are located at the upper part of the watershed (Fig. 1 ) and control about 18% of its surface area (Dzana et al. 2011) . A fourth regulatory reservoir (Lom-Pangar), with a useful storage capacity of 6 × 10 9 m 3 , is being built in the southeastern part of the catchment.
Upstream of Ebebda, at the Mbam and Sanaga confluence zone, the drainage basin can be subdivided into two main sub-catchments ( Fig. 1 ) drained by these two most important tributaries. At the Goura station, the Mbam River receives the supplies of its right-bank tributaries, particularly those flowing through the northern part of the volcanic highlands of western Cameroon. At this station, the surface area of the sub-catchment is about 42 300 km 2 ; the average flow rates vary between 374 and 876 m 3 s -1 , corresponding to a mean inter-annual The TSS data used in this study come mainly from measurements taken during three full hydrological years (1995/96, 1996/97 and 2005/06) . These measurements involved the collection of water samples near the right and left banks of the Sanaga River, immediately above the Ebebda Bridge, some 70 km north of Yaoundé (Fig. 1 ). This site, although located slightly downstream of the Mbam with Sanaga confluence, is about 1000 m wide, and has some irrefutable advantages in terms of accessibility and ease of water sampling. The choice of this site was also based on the results of preliminary studies (Ndam Ngoupayou 1997 , Bird et al. 1998 ) and control measurements taken along a transect perpendicular to the flow direction (Kpoumié 2007) . These earlier studies revealed a transverse gradient of suspended sediment concentration, which indicates that the Mbam and Sanaga waters, which display a very distinct difference in colour, are not yet fully mixed at this site. Also, water samples collected simultaneously from the Mbam River at Goura and from the Sanaga River at Nachtigal and at Ebebda gave results of the same order of magnitude (Ndam Ngoupayou 1997 , Kpoumié 2007 , Ndam Ngoupayou et al. 2007 ). Hence, it can be assumed that the TSS collected at the latter site, on either side of the Sanaga River, are representative for the Goura and Nachtigal gauging stations. The different water samples were collected at 30-50 cm below the water surface, at the same place on the river, and preferentially where the flow velocity was high enough to allow for a good homogenization of the solid particles of different sizes. In fact, for the large streams of the tropical zone of Africa, including those of Cameroon, the technique of sampling along one vertical, which is rather simple, fast and practical, gives results that are satisfactory and relatively close to those of the full solid gauging method (Nouvelot 1972a , 1972b , Olivry et al. 1988 , Sigha-Nkamdjou et al. 1998 , Liénou et al. 2005 .
Between March 1995 and February 1997 (during two successive hydrological years), samples were taken once or several times per month close to both river banks. From March 2005 till February 2006, the water samples were collected biweekly at the same sites on working days (Monday to Saturday) and on Sunday. This approach was used to verify whether the activities of sand extraction from the Sanaga River, which have intensified during the last 10 years, affect the suspended solids transport regime.
In the laboratory, the different water samples were filtered with cellulose acetate 0.45 μm membranes using a polycarbonate Millipore filtration unit. The particulate fractions retained on the filter were dried in the oven at 105°C and, after cooling in a desiccator, weighed on a Mettler type balance (0.1 mg precision). The TSS concentration was calculated from the weight of the sediment and the volume of filtered water.
For this procedure, Maneux (1998) calculated a theoretical error of 5% when the suspended sediment concentration is less than or equal to 10 mg L -1 and of 3% when it is more than 10 mg L -1 . The determination of the volume weighted mean (VWM) concentration of TSS for a given period was made using the partial balance equation, which fits best for streams transporting the greatest part of their solid load during high flows (Walling and Webb 1981) . This is formulated as follows:
where C VWM is the volume weighted mean concentration of TSS (mg L -1 ), C i is the instantaneous concentration (mg L −1 ), and V i is the runoff volume (L) for the period between two successive samplings. The denominator is the runoff volume for the entire sampling period.
The suspended sediment yield (SY) exported annually from a drainage basin is usually calculated from the volume weighted mean concentration and the total volume of flow (V TY ) for the year as follows:
The specific sediment yield (SSY) and the physical denudation rate (DR ph ), which conventionally expresses the amount of ground lowering for the whole catchment, are then obtained respectively by simple equations (3) and (4), widely used and perfectly adapted to the sediment transport regime of tropical streams and to low-frequency sediment load sampling (Martin and Meybeck 1979 , Walling and Webb 1981 , Boeglin and Probst 1996 , Meybeck et al. 1996 carried out on the Mbam and the Sanaga rivers:
where A is the catchment area at the sampling site and R is the annual runoff.
where D is the density of soil exposed to erosion. To estimate the organic fractions present in the TSS, particulate organic carbon (POC) of water samples collected during the 1995/97 hydrological years was determined. The samples were filtered using fibreglass 0.7 µm Whatman GF/F membranes, earlier pyrolysed. From the filtrates obtained, the POC content was determined at the Centre de Recherches sur les Environnements Sédimentaires Océaniques (Bordeaux, France) by means of a LECO CS 125 carbon analyser (Ndam Ngoupayou 1997 , Boeglin et al. 2005 , Nkoue Ndondo 2008 .
Secondary data sources: from their origin to their analysis
These data sources concern primarily TSS data from measurements of sediment load transport prior to the present study (Nouvelot 1969 , Olivry 1976 . They were collected from October 1966 to November 1973 on the Mbam River (Goura station) and from August 1967 to December 1969 on the Sanaga River (Nachtigal station). These samples were collected at a weekly to monthly frequency, using sampling techniques identical to those applied for our own measurements. To determine the variability in the TSS fluxes on longer time scales (about 40 years) and, especially, to identify temporal trends, these existing data were supplemented by those collected during the three years of fine observation, as stated above. At this time scale, the investigation was based on a comparison of the variations of instantaneous and volume weighted mean concentrations of total suspended sediment, sediment yields, specific sediment yields as well as physical denudation rates calculated for two distinct periods considered to be representative for the 1960s and 1970s on one hand, and the 1990s and 2000s on the other hand.
The other secondary data used were of two types, namely: The rainfall records come from the National Directorate of Meteorology and the discharge records from the Energy Corporation of Cameroon (AES-Sonel). To investigate the link between the temporal variability of the TSS fluxes and the hydroclimatic fluctuations that occurred during the last 40 years, the annual rainfall and flow discharge series were subjected to statistical processing. This consisted of trend detection using linear regression and determination of homogeneous hydroclimatic periods via the Khronostat software, which can be freely downloaded from http://www.hydro sciences.org/. This latter tool uses a series of statistical tests of discontinuity based on various existing approaches (e.g. Lee and Heghinian 1977 , Pettit 1979 , Buishand 1982 , Hubert et al. 1989 .
Results and discussion
The variability in suspended load transport and erosion rates, as revealed by representative TSS data of the Mbam and Sanaga river systems, are highlighted and explained at three merged hierarchical time frames (seasonal, annual, multi-annual).
Annual variations in TSS fluxes
During the three years of detailed observations, the instantaneous TSS concentrations for the Mbam sub-catchment were seen to vary between 3.10 and 356.80 mg L -1 , this giving a maximum/minimum ratio of 115.10 (Table 1) . This corresponds to a sediment yield of 2.96 × 10 6 t, a specific sediment yield of 70.12 t km -2 year -1 and an average physical denudation (DR ph ) rate of about 53.9 mm k year -1 , if the bulk density (D) for Cameroon's ferrallitic soil is considered as 1.3 (Humbel 1976) .
For the Sanaga sub-catchment, the instantaneous TSS concentrations range from 5.40 to 81.60 mg L -1 (maximum/ minimum ratio of 15.11), giving an inter-annual volume weighted mean concentration of 47.79 mg L -1 (Table 1) . Sediment yield and specific sediment yield, for the three study years, are 1.3 × 10 6 t and 17.28 t km -2 year -1 , respectively. This latter value gives an average physical denudation rate of 13.3 mm kyear (Fig. 1) . The corresponding specific sediment yield is of the order of 36.67 t km -2 year -1 . It is slightly higher than or of the same order of magnitude as rates recorded on the largest tropical streams of Africa (Walling 1984) .
During the 2005/06 hydrological year, TSS concentrations measured during working days and Sundays varied little. This suggests that the extraction of sand does not significantly affect the solid transport rates at the Mbam-Sanaga confluence.
The POC contents of the suspended solids vary from 2.6 to 18.2% during the 1995/97 hydrological years in the case of the Mbam River. The POC proportion corresponds to an annual average of 3.59% weighted by the TSS (Table 2) . Expressed in weight per unit volume, the POC concentration ranges from 0.76 to 8.81 mg L -1 , for an annual average (weighted by the volume of flow water) of about 4.87 mg L -1 and a specific flux of 1.9 t km -2 year -1 . For the Sanaga River, the POC percentage of suspended solids ranges from 4.1 to 17%, for an annual average (normalized to TSS) of 6.5% (Table 2 ). The POC contents vary between 0.6 and 3.15 mg L -1 , for an annual average (weighted by the volume of flow water) of 1.82 mg L −1
; this corresponds to a specific flux of 0.66 t km -2 year -1 . Finally, it is observed that the proportion of POC in the Sanaga waters is generally very low. The mineral fraction makes up nearly all suspended solids and consists of clays of kaolinite and goethite types (40-75%) and of silts (15-40%) (Nouvelot 1969 , Braun et al. 1998 .
The percentages of POC present in the suspended solids delivered by the Sanaga River are low (2-18%) compared to those found in the rivers of the forest region of Cameroon (Nyong, Ntem and Ngoko), which are seen to vary from 10 to 40% (Sigha-Nkamdjou 1994 , Ndam Ngoupayou et al. 2005 , Nkoue Ndondo 2008 . Concerning the POC contents, they are of the same order of magnitude as those obtained for tropical rivers such as the Amazon (2.8 mg L To summarize, at the annual time frame the suspended sediment load exported from the Mbam sub-catchment is three to four times higher than that exported from the Sanaga sub-catchment (Table 1 ). This result is consistent with previous studies by Nouvelot (1969) and Olivry (1976) at the Goura and Nachtigal stations, confirming that the Mbam basin is much more sensitive to erosion than the Sanaga catchment.
Differences in sediment yields of the two sub-catchments are mainly related to (i) rainfall and runoff variables, (ii) physiographic characteristics (geology, topography, pedology, vegetation) and (iii) anthropogenic impacts (land use, agricultural practices).
The Mbam sub-catchment, particularly its western part, receives the highest amounts of precipitation (1800-2000 mm) (Fig. 1) compared to the upper Sanaga river basin. Combined with steep slopes and intense agricultural activities, this results in higher flow rates in the former than in the latter.
There are some minor differences in vegetation characteristics between the two sub-catchments. The vegetation of the Mbam sub-catchment consists of woody savannah or thorn shrub Soudano-Guinean (80%) and semi-deciduous forests (20%). Conversely, in the Sanaga sub-catchment, besides the fact that there is less savannah (70%), gallery forests are present, covering about 30% of the drainage area (Dubreuil et al. 1975 , Muller and Gavaud 1979 , Letouzey 1985 , Giresse and Maley 1998 . This difference in vegetation cover is reflected in the difference in POC exports of the two subcatchments. In the Mbam, POC represents on average 3.6% of the TSS against 6.5% for the Sanaga. Using the approach Table 1 . Estimates of TSS of the Mbam and Sanaga rivers from the three years of measurements and equivalent physical denudation rates. Q mean : mean annual discharge; Q min : minimum daily discharge; Q max : maximum daily discharge; SY: annual suspended yields; SSY: specific sediment yields; DR ph : physical denudation rate. proposed by Meybeck (1982) , the organic matter exported from these two sub-catchments accounts for 7.2% and 13% of the sediment yield, respectively. Differences of the same order of magnitude due to vegetation are revealed by the POC/TSS relationships illustrated by Fig. 2 . Two well-defined domains corresponding to both subcatchments can be observed, with however the Mbam samples showing higher values of both TSS and POC. As in the case of numerous tropical rivers, the POC diminishes with increase in suspended sediment concentration Probst 1991, Ludwig et al. 1996) . High concentrations in organic matter are found in the less turbid Sanaga waters, while the contrary is observed for the Mbam River.
It is well established that relief exerts a notable influence on sediment yield, particularly where the slopes are steep enough to control the susceptibility of catchments to erosion as well as their capacity to evacuate particulate materials Syvitski 1992, Summerfield and Hulton 1994) . The Mbam drains a high relief region with steep slopes (mean catchment slope, S b , of 0.081), compared to that of the Sanaga sub-catchment, which has less steep slopes (S b ≈ 0.042). Prominent contrasts in elevation existing between these two sub-catchments are also revealed by the elevation occupied by their upstream tributaries. Thus, the Mifi-South and the Noun, two main tributaries of the Mbam River, start at about 1900 and 2600 m a.s.l., while those of the Sanaga River have their sources at around only 1100 m.
Finally, the particularly high amounts of suspended sediment load exported from the Mbam are related to significant supplies from its western tributaries, which are the Noun and the Mifi rivers. On the latter stream, Olivry (1976) found a specific sediment yield of about 2000 t km -2 year -1 at the Bamoungoum station. Both above-mentioned tributaries drain parts of the more densely populated compartments of the catchment (Bamoun and Bamileke regions). In these areas, the vulnerability of surficial deposits to erosion due to their original characteristics (thick soil on rocks of volcanic origin, presence of pyroclastites) and the high relief is exacerbated by agricultural practices (agriculture on ridges [billons]) which significantly increase water erosion and sediment production.
These observations corroborate studies made on small catchments in Mali and north Cameroon (Mouda), which show that intense agricultural activity combined with high runoff facilitates the mobilization of particles and their export (Thébé 1987 , Droux et al. 2003 . Besides, plant cover reduces the erodibility of soils in a ratio of 1 to 200 (Thébé 1987) , while to the contrary ploughing weakens them extremely, even with a sharp decrease in overland flow. Figure 3 shows how the suspended sediment concentrations respond to changes in discharge at the monthly time frame for the three years (1995/97 and 2005/06) of detailed measurements. It can be noted that the TSS concentration/ monthly discharge relationships remain identical from one year to the other, forming clockwise hysteresis loops, as has been revealed in many earlier studies (Nouvelot 1969 , Olivry et al. 1988 , Picouet et al. 2002 , Liénou et al. 2005 . They thus may be characteristic of tropical rivers with a unimodal flow regime for which the TSS dynamics reveal three main stages of mechanical denudation: the stage of initial erosion, the stage of attenuated or late erosion and the stage of sediment deposition (Gac 1986 , Kattan et al. 1987 , Olivry et al. 1989 , Boeglin and Probst 1996 .
Seasonal variations in TSS
During the first stage, a sharp increase in turbidity is observed at the beginning of the rainy season (March to July) in spite of the comparatively low discharge (Fig. 3) . In the case of the Mbam River, the TSS concentrations can vary from 6 mg L -1 to more than 350 mg L -1 (58.5 times the initial concentration), when, at the same time, flow discharges augment only slightly (188 to 1650 m 3 s -1
, about 8.5 times the initial flow rate). For the Sanaga River, the TSS concentrations increase from 5.4 to 82 mg L -1 (14.8 times the initial concentration), for discharge increasing from 145 to 1443 m 3 s -1 (10 times the initial flow rate). The high quantities of TSS exported from both sub-catchments during this period are explained by the fact that the first rains, which are of high intensity, erode the pulverized and bare soil surface. This confirms the role played by the first torrential rains in the wet season in mobilizing solid particles on slopes (Nouvelot 1972a , Olivry 1977 .
During the late erosion stage, a substantial reduction in TSS concentrations with increasing discharge is observed in the rainy season (August-October) (Fig. 3) . The TSS ) and (b) POC (%) contents and average TSS concentrations for the Mbam and Sanaga rivers at Ebebda (1995) (1996) (1997) .
concentrations for the Mbam drop to 70 mg L -1 , while at the same time discharges increase from 647 to 2637 m 3 s -1 (4 times the initial flow rate). The same tendencies are observed for the Sanaga River, for which the TSS concentrations decrease from 80 to 20 mg L -1 and the river discharges from 982 to 2763 m 3 s −1 (3 times the initial flow rate). The dilution effect as well as vegetation development, which reduces the mechanical action of the rain, are among the causes of this fall in concentrations.
Finally, the last stage (sediment deposition) is characterized by an abrupt drop in turbidity between the end of the rainy season and the dry season (November to February) (Fig. 3) . In the case of the Mbam, the TSS contents fall from about 100 to 3 mg L . For the Sanaga, the TSS concentrations vary from 51 to 6 mg L -1 for flow discharges of 2197 to 139 m 3 s -1 . The arrival of the dry season, which is accompanied by a reduction in the river discharge, explains this sudden fall in the TSS concentrations and flow rates. The suspended matter transported during this stage mainly derives from the river bank erosion and from the streambeds.
Multi-year variations in TSS fluxes
The sediment yield data for the Mbam sub-catchment show that instantaneous concentrations of TSS fluctuate in the same range of variation (2-370 mg L -1 ) for about 40 years ( Fig. 4(a) ), with a statistically insignificant decrease (−4.38%) of volume weighted mean concentrations. At the same time, it appears that the reduction is much more significant (−17.51%) for the rates of erosion expressed as the specific sediment yield (Table 3 ).
In the case of the Sanaga sub-catchment, instantaneous and volume weighted mean concentrations of TSS decrease (Fig. 4(b) ). The mean TSS concentrations (weighted by discharge) and erosion rates, respectively, range from 58 to 47.79 mg L -1 (−17.6%) and from 28 to 17.28 t km -2 year -1 (−38.3%) between 1968-1969 and 1995-2006, respectively (Table 3) .
Although a drop in the TSS exported from both studied sub-catchments is observed, it is much more pronounced for the Sanaga than for the Mbam basin when the sediment concentrations or rates of erosion are taken into consideration (Table 3) . Given the land-use changes that occurred within the Sanaga catchment, the reduction in the TSS exported at Ebebda constitutes a true paradox. In fact, by comparing the outputs of supervised classifications (Fig. 5(a) and (b)) derived from mosaics of Landsat MSS and ETM images of the 1970s and 2000s, an intensification of landuse change between these two distinct periods is observed. This is marked by a notable increase in surface areas devoted to agriculture (+20%), and by a lesser extent of urban (+4%) or of bare soil (+3.55%) and, conversely, by a significant reduction in the land-cover types corresponding to forest vegetation (−29%). Such modifications should have resulted in higher rates of erosion in the catchment and, as a consequence, in an increase in the sediment delivery and the TSS fluxes exported by the Mbam and the Sanaga. Nevertheless, such an increase is not noted and instead an inverse scenario is observed during this period.
An analysis of the possible reasons for such modifications occurring within the whole catchment has implicated hydroclimatic variations and their effects. In fact, linear regression applied to the annual rainfall series shows a general downward trend but of low amplitude, as shown 1995 -1996 1996 Sanaga 1995 -1996 1996 Figure 3. Relationships between monthly TSS concentrations and flow discharges for the Mbam and Sanaga rivers at Ebebda, showing clockwise hysteresis loops.
(1) Initial erosion, (2) attenuated or late erosion, (3) deposition.
by their negative slopes (Kpoumié et al. 2012) . However, discontinuity statistical tests by Pettitt (1979) provide further indications on the hydroclimatic variations in the Sanaga catchment. Two homogeneous periods (Fig. 6(b) ) separated by a major break are revealed by these tests: a humid period which, for certain rain gauge stations such as Koundja, extends to the beginning of the 1980s, followed by a dry period until 2007/08 ( Kpoumié et al. 2012 (2007); (4) Nouvelot (1969) trend is reflected in the streamflow datasets from the Goura and Nachtigal stations ( Fig. 7(a) and (b) ). These results are also consistent with recent investigations made by different authors on this issue at the scale of the Sanaga catchment (Sighomnou et al. 2007 , Dzana et al. 2011 and at the scale of Cameroon (Sighomnou 2004 , Sigha-Nkamdjou et al. 2005 . The slight reduction in rainfall in this drainage basin, accompanied by a strong reduction in river discharges, is explained by a pluviometric deficit recorded since the 1970s in the whole of central and western Africa (Servat et al. 1998 , Laraque et al. 2001 , Mahé et al. 2001 ; this can also be related to the existence of several reservoirs located in the upper parts of the catchment since 1969 (Dzana et al. 2011) .
From the results of these discontinuity statistical tests, it appears that the drop in the TSS exported from the Mbam and Sanaga sub-catchments accounts for years of low discharge that followed the major 'hydroclimatic break' at the beginning of the 1970s. By the same token, measurements made by Nouvelot (1969) and Olivry (1976 Olivry ( , 1977 ) reflect a stable to a surplus hydro-pluviometric context. This shows that particulate fluxes exiting a river basin can be punctuated by hydro-pluviometric variations occurring on longer time spans, although it remains difficult to disentangle the influence of climatic shifts from that of other changes in catchment conditions (Walling and Fang 2003) .
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Results obtained at the multi-year time scale explain why the drop in the exported TSS fluxes is higher for the Sanaga than for the Mbam sub-catchment. First, this reflects the contrasting impact of existing river impoundments. From the evolution of the instantaneous TSS concentrations of the Mbam before and after the construction of the Bamendjin (July 1974) and the Mape (July 1987) dams, it is realized that they remained high, and in the same range of variation, in spite of the drop in average concentrations. This could be explained by the fact that these two structures certainly control the compartments of the river basin with steep slopes, which represent only a small proportion, respectively 2% and 3%, of the drainage area (Dzana et al. 2011) . Moreover, the Bamileke and Bamoun agricultural regions, where sediment delivery is significant, are located downstream from these two regulatory dams. Conversely, the drop in the TSS exported by the Sanaga (between 1967 Sanaga (between -1969 Sanaga (between and 1995 Sanaga (between -2006 correlates with the completion of the Mbakaou reservoir in 1969. Such an evolution can be linked to the fact that this infrastructure controls a bigger area (about 15%) of the drainage basin (Dzana et al. 2011) . Consequently, the construction and the filling of the Mbakaou dam seem to have favoured the deposition of part of the TSS supplied by the volcanic and sedimentary formations situated upstream. Meanwhile, these materials represent in 'average' years more than half of the solid transport of the Sanaga River at the Nachtigal station (Nouvelot 1972a) .
The disparity in the decrease in the TSS between the Mbam and the Sanaga rivers can also be linked to the existence of numerous open water surfaces in the lower part of the sub-catchment drained by the latter (Fig. 5(b) ). These open water surfaces, which are used both for fish farming and for watering garden plants (fruits, vegetables) and cereals (corn), have increased since the 1990s. Two types are found here: retention ponds and small dams. The first type is connected to first-and second-order tributaries by an intake canal and a spillway. The second type results from building a wall across the river channel, leading to flooding of the upstream valley.
In this area, recent investigations on changes introduced in the production systems by agricultural migrants show that economic activities (agriculture, pisciculture), for which the above-mentioned structures were built, constitute forms of substitution and/or of complementarity to the traditional cacao economy (Essengue Nkodo 2013). They were developed by the local communities to compensate for the losses resulting from the fall in cacao prices on the world market. By trapping a good part of the solids delivered to the local tributaries of the Sanaga River, these infrastructures contribute to reducing the sediment load which, potentially, could be transported right to the confluence with the Mbam if they did not exist. The trap efficiency is augmented all the more as characteristics of the dams and their use favour the decantation of the stream sediments, which in this confluence zone are mainly made of fine particles (silts and clays). two main sub-catchments of the Sanaga drainage basin, the fluxes of suspended solids and the equivalent rates of erosion could be quantified. By putting together these data, it was possible to appreciate their spatial and temporal variability and seek explanations. Results obtained on the annual and seasonal time scales showed that average sediment concentrations and specific fluxes are three or four times higher for the Mbam than for the Sanaga sub-catchment. This suggests that differences exist in terms of erosional susceptibility and sediment production. Such differences can be explained by physiographical characteristics particular to each sub-catchment. But the overwhelming factor proves to be land use and agricultural practices (cultures on billons, monoculture) operational in the Bamileke and Bamoun regions. The higher rate of erosion observed in the Mbam sub-catchment is the cause of the significant losses of the organo-mineral soil layer noticed in this part of the Sanaga River basin and the resulting drop in agricultural activities. Despite the differences existing between the Mbam and the Sanaga sub-catchments, the seasonal variations of sediment concentrations and the annual fluxes of TSS exported by the whole river basin remain generally identical to those of other tropical regions with unimodal flow regimes.
At the multi-year time scale, a decrease in the exported TSS and subsequent rates of erosion is observed since the 1970s, which is the contrary of what should be expected in response to the significant land-use-land-cover changes that have been experienced by the Sanaga drainage basin. This tendency can certainly be correlated with the hydro-pluviometric deficit noticed from this period, but is mainly explained by the existence of reservoirs in the upper parts of the river basin, which retain a non-negligible quantity of sediments. This confirms that climatically driven changes and anthropogenic activities, particularly through dams, increasingly impact the behaviour of African rivers (Mahé et al. 2013) .
The siltation of dams installed in the catchment, which is yet to be quantified by further studies, is certainly the cause of the loss of their storage capacities, as they have not been dredged for about 15 years. The decrease in TSS concentrations at this time scale between the two sub-catchments constitutes the other major outcome of the present study. It can be explained, first, by the variable size of the surface areas controlled by the reservoirs built in each of these sub-catchments. Second, it underlines the vital influence exerted by the numerous open water surfaces found at the lower part of the Sanaga sub-catchment, which are used for fish farming and agricultural purposes.
